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This thesis presents a control system for a walking
machine leg.The leg is representative of one of the six
legs required for a proposed walking machine based on the
geometry of the darkling beetle.
Each of the three joints is controlled by a DC servo
motor mounted to the base of the leg.The speed of the
motors is controlled with pulse width modulation.Feedback
of joint positions is accomplished with potentiometers
mounted on the actual joints.
A five-point path, forming a rectangle in the global
coordinate system, is used as a skeleton of the path of
movement.Desired times and accelerations from point to
point are used to develop the path of movement, which
smoothes corners and velocity transitions along the path.
To create a model of the dynamics of each joint, a
constant motor speed is output and the joint velocity and
joint angle are recorded.From several trials at severaldifferent motor speeds, relationships between the joint
velocity, joint angle, and motor speed can be found.This
data is then least squares fit in two dimensions to give two
second order functions.The first function uses the desired
joint angle to calculate the variance from the mean joint
velocity.This variance is then added to the desired joint
velocity and is used in the second function to calculate the
needed motor signal.
Feedback control is accomplished using a PID control
system.Because of the high level of noise in the feedback
signal, a digital noise filter is used.Both moving average
and linear regression techniques are examined.
Performance of the system is measured by comparing the
actual path in Cartesian coordinates to the desired path of
movement. The RMS error is taken along the path, during the
time frame of the ideal system.The maximum Cartesian error
along the path is also used in evaluation.
To determine suitable feedback gain combinations,
several experiments are run and evaluated.Data is plotted
and suitable values are chosen for the feedback gains based
on their performance and sensitivity to change in
performance.
The performance of the leg is measured for a basic
rectangular path, the basic path with a variation in step
angle, and the basic path with a constant body velocity.©Copyright by Eric W. Thompson
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A WALKING MACHINE LEG
1. INTRODUCTION
1.1. The Need for Walking Machines
One of the things we often take for granted as humans
is locomotion.Our species has evolved based on the ability
to flee from danger and hunt and gather food, all of which
require a complicated locomotion system.With increased
technology, bicycles, trains, and cars have been developed
to carry us over the land.All of these use a very complex
controller: a human operator.In this age of robots that
can paint cars, load parts into automatic machines, and
assemble circuit boards, mobility is a logical evolutionary
step in robotics.Mobility is used by humans in countless
tasks, and designing a robot with mobility makes it possible
for these tasks to be automated.
Locomotion can be achieved in many ways: rolling,
walking, flying, slithering, and jumping are just a few.In
designing a machine to operate in the same areas humans
would work, flying, slithering, and jumping would probably
not be practical.Rolling machines, or wheeled vehicles are
one good solution because of their relatively simple control
systems, and a long history of wheeled vehicle design.
However, wheels have limitations imposed by terrain.In2
general, wheeled vehicles require smooth flatsurfaces that
are relatively free of obstacles.In comparison, walking
machines, or legged vehicles havevery complex control
systems, but are much more able to adapt to adverseterrain,
uneven surfaces, and the presence of obstacles.In soft
terrain such as mud or sand, wheeled vehicleswould have to
displace more material in locomotion thanwould a walking
machine, meaning wheeled vehiclesuse more energy.Also, if
obstacles are present such as rocks, curbs,or holes with a
diameter larger than the wheel,a wheeled vehicle may have
to take an indirect path, or may not be ableto enter an
area.Examples of areas where walking machines would
probably perform better than wheeled vehiclesare: stairs,
soft beaches, rocky fields, forests withoutsmooth roads,
terrain with steep slopes, and planets withuneven surfaces.
Although each robotic application must beanalyzed
separately, there are many applicationsthat could be best
addressed with walking machines.
1.2. The Study of Walking
In designing a walking machine,one approach is to look
at animal species that have survived andevolved by having
successful walking systems.With multi-segmented,
articulated legs, vertebrates andarthropods are the only
candidates for research in leggedlocomotion.Vertebrates
have internal skeletons and complexnervous systems, while3
arthropods have external skeletons and simple nervous
systems.Considering the number of joints to model
mathematically, the vertebrate skeleton, with many segments
making up the backbone and appendages, is much more
complicated than the arthropod skeleton.Also, with a very
simple nervous system, arthropods most likely use a simple
control system for locomotion, meaning that evolution has
increased mobility by developing body geometries that can be
controlled with a simple system.In choosing an animal
species to study and design a walking machine, arthropods
were found to be more feasible using current modeling and
control technologies.
1.3. The Choice of the Darkling Beetle for Research
In choosing an arthropod for study, it is desirable to
select one for which successful walking is a primary
evolutionary factor.This limits selection to species with
the inability to fly or jump.Other desirable features are
a size large enough to study and an adequate availability of
specimens.The darkling beetle, Eleodes obscura
sulcipennis, is commonly found in arid regions of the
western USA, has a body length of approximately 30 mm, and
is unable to fly or jump.As it seems suitable for a
species to study, the darkling beetle is usedas a model in
designing a walking machine.4
1.4. Organization of the Study
This thesis is divided into nine chapters, following
the development process of the control system for the
walking machine leg.Following this introduction,Chapter
2 presents the development of the walking machine leg by
modeling it after a leg of the darkling beetle.
Kinematic equations for the leg are derived in Chapter
3.Included is the assignment of coordinateaxes (Craig
1989), development of transformation matrices, and solution
of the kinematic equations.
Chapter 4 provides a background of path planning fora
manipulator.A method of approximation of a point to point
path using constant joint accelerations is presented (Craig
1989).The use and limitations of such a pathare
discussed.
The development of the feedback control system is
discussed in Chapter 5.Implementation of a PID control
system is presented.Development of the system model from
experimental data by using least squares fit functions is
explained.Also, methods of digital noise filteringare
presented.
Chapter 6 discusses the development of specific paths
for the walking machine leg.Included here are the basic
five-point rectangular path, a basic path witha variation
in the step angle, and a basic path witha variation in the
body velocity of the walking machine.5
The results from varying control parameters are given
in Chapter 7.First, experimental results measuring system
performance with an RMS error are used to specify a PD
control system.Next, integral feedback is added to this PD
control system to improve performance.A detailed look at
the performance in each joint and Cartesian coordinate is
then presented.
The results from varying path parameters are given in
Chapter 8.First, the effect a variation of step angle has
on the system performance is presented, and the performance
of each joint and Cartesian coordinate is examined in
detail.Then, the effect a variation in body velocity has
on the system performance is presented, and again the
performance of each joint and Cartesian coordinate is
examined in detail.
The final chapter suggests areas that may be studied in
the future to improve the system that has been developed.6
2. MODELING A WALKING MACHINE LEG FROM THE DARKLING BEETLE
The proposed walking machine is based on the geometry
of the darkling beetle.The walking machine size is scaled
approximately twenty times the size of a specimen beetle
(Foo 1992).To simplify the design and control of the leg,
some parameters of the beetle body were adjusted or rounded
to convenient values.For example, for a beetle joint angle
of 100 degrees, a mathematically simple value of 90 degrees
may be substituted if the resulting effect is thought to be
small.
A ventral view of a darkling beetle is shown in figure
2.1.Coordinate frames shown are the body frame with the
origin at the center of mass, denoted with a B, and the
measuring frame, denoted with an M (Foo 1992).In the
close-up view of the left middle leg, five segments are
shown: coxa, trochanter, femur, tibia, and tarsus.Since
the trochanter is small, indicating the contained muscle has
little power, and since it has a small range of motion, it
is not incorporated into the mechanism design.Its bulk is
considered to be fused to the femur.The tarsus is very
flexible, and since the tibia-tarsus joint is the primary
load bearing ground contact, the tarsus has been neglected.
A side view of a darkling beetle is shown in figure
2.2.The body and measuring coordinate systems are as in
figure 2.1.The global coordinate system is shown attached7
to ground.It is against this coordinate system that any
velocity of the body is measured.
The physical leg is constructed of aluminum channel.
The coxa segment is 71 mm long.The femur segment is 165 mm
long.The tibia segment is 150 mm long.All joint
actuators are attached to the base of the leg, with the coxa
joint driven by a direct gear and the femur and tibia joints
driven by a cable system.Detailed drawings and a scanned
photo of the physical leg can be found in Appendix A, more
explanation on actuators and feedback can be found in
chapter 5.My B
femur_
trochanter tibia
L2
tarsus
8
Figure 2.1:Ventral view of a darkling beetle (left), and
close-up of the left middle leg showing segment
names and joint axes.
Figure 2.2:Side view of a darkling beetle showing global,
body, and measuring coordinate systems.9
3. KINEMATICS OF A THREE LINK MANIPULATOR
To describe the geometry of a three linkmanipulator,
12 values must be known under the Denavit-Hartenberg
notation (Denavit and Hartenberg 1955).Nine of these
values make up the fixed portion of the manipulator
variables, also referred to as the geometry of the leg.The
remaining three values make up the variable portion of the
manipulator variables, that is the angle of a revolute joint
or the extension of a prismatic joint.
The 12 values, hereafter called the link parameters,
can be found by comparing thecoordinate systems of each
joint.It is desirable to create joint coordinate systems,
or link frames, such that the numberof non-zero values in
the link parameters is minimized.A procedure for attaching
link frames to a manipulator is quoted from Craig (1989):
1.Identify the joint axes and imagine (or
draw) infinite lines along them.For
steps 2 through 5, consider two of these
neighboring lines (at axes i and i+1).
2.Identify the common perpendicular
between them, or point of intersection.
At the point of intersection, or at the
point where the common perpendicular
meets the ith axis, assign the link
frame origin.
3.Assign the Z, axis along the ith joint
axis
4.Assign the Xi axis pointing along the
common perpendicular, or if the axes
intersect, assign X to be normal to the
plane containing the two axes.10
5.Assign the y axis to complete a right-
hand coordinate system.
6.Assign {0} to match {1} when the first
joint variable is zero. For {N} choose
an origin location and A7,, direction
freely, but generally so as to cause as
many linkage parameters as possible to
become zero.
With the link frames fixed in this manner, the
following descriptors may be used to form a table of link
parameters for the manipulator:
= the distance from2 to Zi+1 measured alongX1
a, = the angle between 2i and measured about X,
d, = the distance from X,_1 to Xi measured along2;
e,= the angle between X,_1 and X, measured about2
To evaluate the kinematics of a manipulator, it is
convenient to create transformation matrices.A
transformation matrix for one joint includes the four terms:
oc,pci,, and 19,.For a revolute joint,0,is a variable;
for a prismatic joint,d, is a variable.The remaining
three terms enter the transformation as constants.
In the same notation as the link parameters above, the
general form of the kinematic transform is:11
-s 0
"T
s0icai4ceicai4-sam-samdi
(3.1)
seisamceisamcamcamdi
0 0 0 1
Where a,a,d, and e are taken from the link parameters and
the abbreviations are made:
chi = cos (8i)
sei = sin(0i)
cai = cos(ai)
sai = sin(ai)
The notation described above is now used to describe
the walking machine leg.The three link frames are shown
attached to the leg in figure 3.1.12
Figure 3.1:Link frames for the three joints of the leg
The link parameters for the system are given in table
3.1.Table 3.2 gives the design constants, which are the
link lengths and the angle 60.
i ai-1 ai_l di Oi
1 0 0 0
el
2 90 0 0
02
3 0 12 0 03
Table 3.1:Link parameters for the system13
1171 mm
12165mm
13150mm
eo 30degrees
Table 3.2:Design constants for the system
The kinematic transformations for the link coordinate
systems are as follows:
c1-s100
sic100 oTi (3.2)
00 10
0001
c2-s200
0010
1T1= (3.3)
s2c2 10
000 1
c3-s30
s3C300
2T3 = (3.4)
00 10
0001
With the transformation matrices for the individual
links evaluated, an overall transformation relating the
first link frame to the last can be found by multiplying the
individual transformations of each joint:07_0717, 27
13Al 12 13 (3.5)
14
One transformation is attached to the base of the leg.
This is for the fixed angle of thecoxa z-axis in the body
x-z plane.This angle is herein referred toas 00.The
angle 00 is now only adjustable bya hardware modification.
The transformation matrix is given here:
co-so0-11s0
soco0 0 BTO
(3.6) 0 0 1-11c0
0 00 1
With this addition, the kinematic transformationhas
become
B07 17 27
"3-10 11 12 13 (3.7)
Now, to find the position of the foot in the body
coordinate system, the vector from joint 3 to thefoot is
used.For this walking machine leg, the foot position in
coordinate system 3 is:
(3.8)So, the following equation can be used to find the foot
position:
BpF=13T0OTI1T22T33pF (3.9)
1516
4. PATH PLANNING FOR A MANIPULATOR
In moving the joint of a manipulator, pointscan be
specified that define joint angles in time.Figure 4.1
shows a set of three points with a continuous path fit
around them.A straight line path between the points, shown
as a thin line in the figure, is herein referred to as the
skeleton path.While a straight line between these points
is desired, finite joint accelerations necessitate the
approximation of a straight line.The technique described
here approximates a straight line by introducing blend
regions around each specified point.Inside these blend
regions, labeled t1, t2, and t3,a constant acceleration is
applied to the joint.Between the blend regions of two
points is a linear region withzero acceleration, labeled
td12and td23.The combination ofblend regions and linear
regions forms a smooth approximation ofa path referred to
as the planned path.
Although most applications specify positions in
Cartesian coordinates, joint positionsare more easily
controlled in joint coordinates.For each path point
specified, the inverse kinematicscan be used to convert a
set of Cartesian coordinates to a set of joint coordinates.
The result is a set of joint coordinates, betweenwhich the
joint angles vary linearly.By creating a smooth path in
the joint coordinates, motors driving the jointsalso have a
smooth path, which makes themmore energy efficient.17
However, smoothing the path in the joint coordinates does
not smooth the path in Cartesian coordinates.For
manipulators with multiple degrees of freedom,a straight
path specified in Cartesian coordinates can be convertedto
a linear change in joint coordinates, but the path basedon
the joint coordinates will be slightly different than the
original Cartesian path.One way to help assure a
relatively good approximation in Cartesian coordinates isto
pick several points between a desired start and end point.
This will effectively approximate the Cartesian path, but
will complicate the computation.
Figure 4.1 shows a simple example ofa path that goes
through three points.The straight thin line is the
skeleton path, and the bold curved line is the planned path
produced from this three point skeleton path.The areas
labeled t1, t2, and t3 are the blend times during which the
joint is accelerating or decelerating to makea smooth
transition to the linear portions of travel, labeledtd12
and td23.18
P2
0
time
No-
Figure 4.1:Sample three point path of a manipulator
In general, knowing angle6,acceleration6,and time
td, the following equations are solved (Craig 1989):
.
6k
k j (4.1) eft=
tayk
ek=SGAT(eneik)lok (4.2)
ek
(4.3) t= k
1
tiktdik-2t.;
1
(4.4)
Where:19
eift is the velocity of the linear travel between jand k
ek is the acceleration around path point k
4 is the blend time about point k, over which el, acts
tikis the time of the linear travel from j to k
tdjk is the total time from jto k
For the start and end points, the blend times are
actually only on one side of the point, making it necessary
to alter these equations somewhat.The changes are
illustrated here with the first and second points labeled 1
and 2, and the last two points labeled m and n.
For equation 4.1, this difference can be subtracted
from the planned time from point to point:
812 =e261
1 td12t
1
6
e--e
t---t
dmn2n
(4.5)
(4.6)
Since there is no transition velocity for the end
points, the angles alone can be used in the acceleration
direction computation of equation 4.2.
.sGme2
(4.7)en= SG(0men)en (4.8)
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The blend time can be found using equation 4.3, setting
velocities out of the path range to zero.
612° t_, (4.9)
Now, recognizing that On contains t1 as a term,
equations 4.5 and 4.9 are combined to get:
Ait2
2(02el) titd12 .d12
tj;
similarly, for tn:
2(e en)
n=tdnui iimn
en
(4.10)
(4.11)
The change in equation 4.4 comes only in the blend time
terms, making the first and last blend times count fully in
each space.
1
1.12=td12t1
2
t2 (4.12)1 t, =td
mn
t"t (4.13)
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The magnitude of difference between the skeleton path
and the planned path is dictated by the times and
accelerations specified for the path.If high accelerations
are used and long times are allowed, the fit will be very
close.As the acceleration or the specified time is
decreased, the fit becomes worse, and eventually, it will be
impossible to travel over the path in the desired time.22
5. IMPLEMENTATION OF A CONTROL SYSTEM
5.1. The Control System Model
A block diagram of the physical system is shown in
figure 5.1.There are actually three each of the motor
controller, motor, joint, and potentiometer.The A/D
converter accepts multiple inputs, and thesame host
computer is used for all three motor systems.
The host computer sends an 8-bit signal to themotor
controller; seven bits determine the pulse widthand the
eighth bit determines the direction.This is referred to as
the motor signal.A regulated ten volt signal is usedas
the reference voltage for the 25 Kohm potentiometers.The
potentiometer signal is converted witha 12-bit A/D
converter.
Host
Computer
Motor
controller
(PWM)
AID
converter
Motor
\.e
Joint
and
Pot
Figure 5.1:Representation of the physical system.23
The control system used for this application isa PID
(proportional, integral, derivative) controller with
feedforward of command signal for the motor as shown in
figure 5.2.The box labeled "System model" contains
functions to convert a combination of joint angle and joint
velocity into a corresponding motor signal.The "Noise
filter" contains either moving average or linear regression
routines for digital filtering of the feedbackerror.The
blocks labeled Kp, Ki, and Kd are the proportional,
integral, and derivative gains, respectively.
SYSTEM
MODEL
NOISE
FILTER
PID
CONTROL AMPLIFIER
AID
CONVERTER
MOTOR
JOINT
Analog portion of system
Figure 5.2:A PID control system using a feedforward
command position
Proportional feedback is compensation basedon one
error signal.Derivativefeedback is compensation based on
the difference, or slope, between two successiveerrors.24
Integral feedback is compensation basedon the accumulated
error along a path.The equations for the motor signal
compensation (Bollinger and Duffie 1988) for eachterm are:
Cp = Kpf (5.1)
lcd(ff, cd ) =
tuic
Ci =E fit inc.
i=0
(5.2)
(5.3)
Because calculations of motor speed are time consuming,
there are advantages to moving them outside of thecontrol
loop.By doing this, the inner control loopcan have a
faster sample time.This type of system is called a
feedforward controller (Craig 1989). The disadvantageof the
feedforward system is the use of a feedforwardmotor
velocity that is based not on the current position,but on
the planned position for the current time.If the errors in
joint angle and joint velocityare small, the system model
will adequately describe the performance ofthe system, even
though it is based on the planned location andnot the
actual location.However, if the errors in joint angle
and/or joint velocity are large, thesystem model may be
much different than the actual system, meaning the
feedforward velocity does not represent theperformance of25
the actual system and feedback is needed to return to a
small error.
For a three link mechanism with three motors to
control, each motor can be treated independently, meaning
each motor can have a separate control system like that
presented here.Although there are relationships between
the three joints, much of this can be treated analytically
in the path planning stage.The major relationship between
the joints is in the coupling of the femur and tibia joints.
Because the motors are mounted to the base of the leg and
the joints run by cable, coupling occurs when the coxa joint
is moved.As the coxa joint turns around the Z1 axis, the
cables leading to the femur and tibia joints moveon idler
pulleys in the same Z1 axis.When the coxa angle increases
one degree, the femur angle increases .295 degrees.The
tibia angle is affected by both the coxa and the femur
rotations.When the coxa angle increases one degree,
assuming no movement in the femur, the tibia angle increases
.295 degrees.When the femur angle increases one degree,
the tibia angle decreases .295 degrees.Note that the femur
joint is coupled by both the coxa and tibia joints; and the
tibia is coupled by the coxa.By using the planned velocity
of the previous joint, the coupling effects of thecoxa on
the femur are also included in the coupling effects of the
femur on the tibia.
When calculating the motor speed at which to actively
run the joints, the following equations are used to convertthe model velocities to the planned velocities that will
actually be used in step planning.
vs =
vp2 = -.295 vs
-v,3-.295vs +
where:
vnu = the model velocity for joint i.
vpi= the planned velocity for joint i.
(5.4)
(5.5)
(5.6)
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The remaining relationships between the jointsare
thought to be small.Some of these, such as Coriolis force,
are not modeled because the system model is created from
data in which only one joint at a time is moved.Since it
would be difficult to develop an experimental model
considering these relationships, theyare left for the
feedback loop to control.
5.2. Filtering the Input Signal
The feedback system uses a potentiometer fixed to each
joint and a twelve bit A/D converter.Because the
potentiometers are not of high quality, the feedback datais27
inherently noisy.When a reading from this system is
converted to an error from the path, this error is usedto
adjust the next motor signal.For proper control of the
leg, it is desirable to filter away as much noiseas
possible without sacrificing a quickresponse time.
Filtering can be performed in either the analogor digital
portion of the system.One advantage of filtering in the
analog portion is the reduction of aliasing effects.
Advantages of filtering in the digital portionare the
reduction of components and flexibility for change.In this
study, digital filtering alone is used.The two methods
examined for the digital filtering of the noiseare moving
averages and linear regression.
The concept of moving averages is to takea pre-
determined number of points in a row, andaverage them.
Applied to the noise filtering system, the filterederror
would be calculated by averaging the currenterror point and
the last n-1 error points.As time progresses, this window
of points also progresses.The formula for calculating the
filtered error using a moving average isas follows:
1 n--1 f = (5.7) n,,0
where:
f = the filtered error at time t28
n = the number of points in the moving average window
et= the unfiltered error at time t
Linear regression is actually a first order least
squares fit, which minimizes the sum of squares between a
straight line and the data points.Applied to the noise
filtering system, it moves a window of points similarto the
moving average technique, but instead of averaging the
points, fits a straight line to them.Denoting the x-axis
as time and the y-axis as error, the value at which the line
intercepts the current time, that is the y-axis intercept,
becomes the filtered error.The values defining a line are
the slope and the y-axis intercept.By choosing the current
point in time to be zero on the x-axis, the desired filtered
point will be the y-intercept; so, calculation of theslope
is not necessary.The line will be of the form:
Y=a+bx (5.8)
where Y is the dependent variable and x is the independent
variable.
For this case, taking the sampled data times relative
to the current time zero as the x-values, and the unfiltered
errors as the y-values, the following equation can be used
to solve for the y-intercept:a=
2
n-1 n-1 n-1 n-1
i=0 r =o =o
where tis the current time
(5.9)
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To reduce noise in the system, both linear regression
and moving average filters were usedon the angular error
values of each joint.In testing for a system with adequate
performance, moving averages were used with three, fiveand
seven points.Linear regression was used with five and
seven points.Figure 5.3 shows a comparison of the
different filtering methods for a single pointdisturbance.
Note that the linear regression technique evaluates the
trend of the data points, so the filtered resultmay be
outside of all previous data points.The moving average
technique always stays within the bounds of the pointsupon
which it is based.As the number of points used in the
moving average increase, the amplitude ofresponse decreases
and the time period of response increases.It is not
readily clear which method is best for eliminating noise;
the best method depends on the type of noise andthe input
data signal for the system.1
0.8
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cis0.4
a
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0.4 . i 1 1 1 I 1 1 i
0 90.910.920.930.940.950.960.970.980.99
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3 pt moving average 5 pt moving average --- 7 pt moving average
1
30
Figure 5.3:Response of various noise filtering techniques
for a single point disturbance
5.3. Development of a System Model
In planning the path, it is known for a given time what
the joint angle, joint velocity, and joint acceleration
should be.However, the output to each joint must be in
terms of a motor signal.Therefore, a relationship is
needed between the motor signal and the joint angle, joint
velocity, and joint acceleration.Two methods of modeling
the system are considered.
The first method uses the dynamic equations ofa three
link mechanism.These equations consider the desired joint
angle, joint velocity, and joint acceleration to determine
the required joint torque for a given joint angle and joint
velocity.From the joint torque, a motor-dependent function31
relating current to output torque can be used to determine
the amount of electrical current to send to the motor.
Iterative equations for computing the joint torques (Craig
1990) are listed in Appendix B.After completing a simple
control system using these dynamic equations, itwas
discovered that frictional effects dominated theresponse of
the system, being much larger than gravitationalor dynamic
effects.It would be very difficult to model these
frictional effects analytically.
The second method takes experimental data from the
system about the actual performance of the leg.The fitting
of experimental data to a system model is usedas a way to
include both frictional and gravitational effectsas they
actually affect the performance of the system.To make this
model simple, it was based on only two factors: joint
velocity and joint angle.A better model could be made by
including the joint acceleration, but would be muchmore
complicated.
The functions used to fit the data were second order
polynomials.Some of the data is roughly linear; come is
roughly parabolic.The second order function was chosen to
fit both sets of data well.A higher order polynomial would
fit closer to the data points, but would probably havelarge
changes outside of the data points.Since it is possible to
run the system outside of the parameter range for the data,
a higher order fit would not be desired.32
To gather a set of data, each joint of the walking
machine leg was run several times while nopower was applied
to the other joints.Each run involved a long path at a
constant motor signal.Along this path, the joint angle and
joint velocity were recorded.Since acceleration effects
are not included, the acceleration portions of the path were
trimmed from the data set; these were usually well within
the first 3 degrees of travel.The data was taken by
measuring the time required to move one degree, whichwas
used to find the joint velocity at that joint angle.Ten
experimental runs at each motor speed were made.The
average joint velocity for the experimental runs of each
motor signal, over the range of joint angles, was then
found.This was done for all three joints in both
directions, for a total of six models.
The range of motor signals used for modeling was
between 20 and 80 in the positive direction, and between -20
and -80 in the negative direction.Motor signals with low
magnitudes did not produce enough torque tomove the joint
over its entire range.This signal was 20 for the coxa, 24
for the tibia, and 24 for the femur.For each of the six
models, one motor signal was chosen as reasonable for normal
use, and the relationship between the joint angle and the
joint velocity at this motor signal was assumed to havea
shape representative of other motor signals as well.This
assumption is examined at the end of this section.33
In order to subtract the effect of specific motor
signals, for instance a higher motor signal producinga
higher joint velocity, the joint velocity datawas centered
at zero.To do this, the average joint velocity over the
path was subtracted from all points along the path.A least
squares fit was then used to calculate a second order
function describing the relationship between the joint angle
and the zero-centered joint velocity.This function can
accept an angle as input, and output a positive or negative
change in joint velocity based on that angle.Note that
this is simply a change from the average joint velocity and
is not related to the motor signal.Figure 5.4 shows a plot
of the zero-centered data and the fit curve through the data
for joint 1 with a negative joint velocity.Figure 5.5
shows joint 1 with a positive joint velocity.Positive
joint velocities refer to increasing angles, and negative
refer to decreasing angles.Figures 5.6,5.7,5.8, and 5.9
show this information for joints 2 and 3.20
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Figure 5.4:Model of zero-centered joint velocity to joint
1 angle for negative joint velocities
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Figure 5.5:Model of zero-centered joint velocity to joint
1 angle for positive joint velocities
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Figure 5.6:Model of zero-centered joint velocity to joint
2 angle for negative joint velocities
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Figure 5.7:Model of zero-centered joint velocity to joint
2 angle for positive joint velocities
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The next part of the system model is the function
relating a joint velocity to a motor signal.Again, this is
done for each direction of the three joints, forming six
models.The result of this fit is a model that accepts a
joint velocity as input and determines theproper motor
signal.The joint velocity used is the average joint
velocity over the experimental path for each motor signal.
Figure 5.10 shows a plot of this motor signal data and the
fit curve through the data for joint 1 with a negative joint
velocity.Figure 5.11 shows joint 1 with a positive joint
velocity.Figures 5.12, 5.13, 5.14, and 5.15 show this
information for joints 2 and 3.-100 1 1
-100-90 -80 -70-60 -50-40 -30 -20 0-10
Joint velocity (deg/s)
0
Figure 5.10: Model of motor signal to joint 1 velocityfor
negative joint velocities
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Figure 5.11: Model of motor signal to joint 1 velocityfor
positive joint velocities
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Figure 5.12: Model of motor signal to joint 2 velocityfor
negative joint velocities
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Figure 5.13: Model of motor signal to joint 2 velocityfor
positive joint velocities
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Figure 5. 1 4 :Model of motor signal to joint 3 velocity for
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When using these functions for control, the actual
input joint velocity is the planned joint velocity adjusted
by the change in joint velocity found from the first
function.This adjusted joint velocity is then used in the
second function to find the proper motor signal.For each
joint, in each direction, these two second order functions
form the relationship between the planned joint angle,
planned joint velocity, and actual motor signal required.
An example of finding a motor signal from a known joint
angle and joint velocity is presented here:
Suppose in calculating a path, it was found that
when joint 2 is at -20 degrees, the desired joint
velocity is -40 deg/s.First, the model relating
joint angle to zero-centered joint velocity is
used.For a negative joint 2 velocity, this is
plotted in figure 5.6.Looking at figure 5.6 for
an angle of-20 degrees, the zero-centered joint
velocity is found to be approximately 2 deg/s.
This represents the change in joint velocity.
Now, the initial desired joint velocity is
adjusted by this change in joint velocity.The
adjusted joint velocity is -38 deg/s.Now, the
model relating joint velocity to motor signal is
used.For a negative joint 2 velocity, this is
plotted in figure 5.12.Looking at figure 5.12
for a joint velocity of -38 deg/s, a motor signal
of approximately -39 is found.This value of -39
is the actual signal that will be sent to the
motor at this point in time.42
The assumption was made that the curves relating joint
angle to zero-centered joint velocity were similar for
different motor speeds, thus allowing only one function to
be used in representing all motor speeds.This assumption
was based on observation of the curves for several motor
speeds.The validity of this assumption is now analyzed by
making a detailed study of the positive joint 3 velocities.
In figure 5.16and 5.17 curves relating joint angle to
zero-centered joint velocity are shown for several motor
signals.The thick line is at a motor signal of 40, the
point upon which the system model is based.In figure 5.16,
the surrounding lines are at motor signals of 24, 30, 50,
60, and 80.This represents the full range of motor signals
used in this study.Even at the extreme angles, the fit
gets an error no worse than 7 deg/s.Considering the case
of a motor signal of 80, which has the largesterror, the
modeled joint velocity is within ten percent ofa perfect
model.In the normal operating range of joint angles, this
error is much less than the maximum described.
In figure 5.17, the surrounding lines are at motor
signals of 36, 38, 42, 44, and 46.This represents a range
of motor signals close to the base of 40.At the extreme
angles, the fit has an error no worse than 3 deg/s.Again,
in the normal operating range of joint angles, thiserror is
much less.
It has been shown that the percentage errors are small
for large joint velocities.The model may have a larger43
percentage error for small joint velocities, and will break
down as the joint velocity approacheszero because of the
unavailability of experimental data.But, it is these small
joint velocities that respond well to feedback.The large
joint velocities are much more difficultto control with
feedback alone, so it is desirable to havea good model if
they will be used.-15
-140 -120 -140 -60 -20
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Figure 5.16: Least squares fits of zero-centered joint
velocity to joint angle for motor signals of40
(thick), 24, 30, 50, 60, and 80
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Figure 5.17: Least squares fits of zero-centered joint
velocity to joint angle for motor signalsof 40
(thick), 36, 38, 42, 44, and 4645
6. PATH DEVELOPMENT FOR A THREE LINE MANIPULATOR
6.1. Introduction
The objective of taking a step is tomove the foot to a
new location.To go from the current rest point to the
final rest point, the foot must be lifted high enoughto
avoid any obstacles, sent to a point above the finalrest
point, and then lowered to the ground.This chapter
considers path development for the foot in threestages.
First, a basic five-point path is used witha step angle of
zero and a body velocity of zero.This is referred to as
the basic model.Next, the step angle is varied for the
basic model.Finally, the body velocity is varied for the
basic model.
6.2. The Basic Step Path
Figure 6.1 shows a sample rectangular pathset against
a side view of the walking machine; the walking machine is
facing forward in the y-direction.The path is specifies in
Cartesian coordinates in the global coordinatesystem, and
is referred to as the ideal path.The basic path involves
the four corner points, P1, P2, P4, and P5, and the pointP3
which will be explained herein.Point P1 is the starting
point on the ground.Point P2 is the desired rise above the
ground before forward initiation of the step.Point P3 is46
an intermediate point in the forward travel.Point P4 is at
the end of the forward travel from where the foot will be
placed on the ground.Point P5 is the final ground position
for the foot.
P2 P3
P4
P5
yp
Figure 6.1:Five-point path of foot in y-z plane.
Point P3 appears at first to be a redundant point in
the figure, but with the control of the path based on the
joint angles, and not the Cartesian coordinates, it is
necessary.For a path symmetrical about the x-z plane, the
femur and tibia joint angles will be at a maximum at y=0.
Point P3 is then placed at y=0 to create the best
approximation of the skeleton path.If this is not done, a
linear change in angles takes place between points P2 and P4
on the plot.Since the femur and tibia joint angles are the
same for points P2 and P4, and are much different for point
P3, a four-point path does not account for this large47
change, while a five-point path as described above does.In
designing any path, care must be taken to choose points
representative of the entire function in jointspace.Doing
so will help assure large errors do not appear in the joint
space approximation.
The physical leg is scaled to roughly twenty times the
size of a darkling beetle.In creating a five-point path,
certain step measurements from the darkling beetlewere also
scaled roughly twenty times.Four distance parameters make
up a simple way to spatially describe a symmetrical
rectangular step.These parameters are defined here as:
xp = the distance the foot is from the body-coxa joint in
the x-direction of the body coordinate system
yp = the length of the step in the global coordinate system
zp = the height of the body-coxa joint above the ground
SD = the height above the ground of the forward portion of
the step
To fully describe the step, the following termsare
also required:
td01 = specified time between points 0 and 1
td12 = specified time between points 1 and 2
td23 = specified time between points 2 and 3
td34 = specified time between points 3 and 4
= value of constant body velocity
= joint acceleration
ed = step angle48
The following table gives the values for theseparameters
used in the basic model.
xp
Yp
zp
sp
td01
td12
td23
td34
6
120 mm
200 mm
200 mm
30 mm
1.0 sec
0.7 sec
0.6 sec
0.7 sec
0.0 mm/s
60 deg/s2
0.0°
Table 6.1:Constant values used to define the example path
where:
td01 = specified time between points 0 and 1
td12 = specified time between points 1 and 2
td23 = specified time between points 2 and 3
td34 = specified time between points 3 and 4
= value of constant body velocity
= joint acceleration
ed = step angle
Even though the distances of the path segmentsare
symmetrical, the times used are not.The reason for this is49
that the physical motors used are able to decelerate much
faster than accelerate.The portions of the path involving
more acceleration are given longer times and those portions
involving more deceleration are given shorter times.This
is especially important near the limits of motor speedor
acceleration, as it models the path more closely to the
physical limitations of the system.
A path can be described by defining the blend and
linear periods of time and the corresponding accelerations;
these equations were presented in chapter 4.For a five-
point path, ten points are needed to describe these periods
of time, and in general, for an n-point path, 2n pointsare
needed.The resulting planned path blend and linear periods
of time and the corresponding accelerationsare shown in
table 6.2:
point #
joint 1 joint
time acc time
2
acc
joint 2
time acc
0 0.000 -60 0.000 60 0.000 -60
1 0.030 0 0.185 0 0.160 0
2 0.653 60 0.963 -60 0.940 -60
3 1.347 0 1.037 0 1.063 0
4 1.645 60 1.580 -60 1.400 60
5 1.755 0 1.820 0 2.000 0
6 1.891 -60 2.211 -60 2.263 -60
7 2.709 0 2.389 0 2.341 0
8 2.956 60 2.693 60 2.750 -60
9 3.000 0 3.000 0 3.000 0
Table 6.2:Times and accelerations for the examplecase50
From the ideal path to the planned path, twosources of
error have entered the system:(1) the approximation from a
linear change in Cartesian points in the ideal pathto a
linear change in the corresponding joint anglesat these
points in the five-point skeleton path, and (2) the
approximation of the five-point skeleton path witha smooth,
curved planned path.If there were an infinite number of
points, the skeleton path would match the ideal path.To
compare this case, a path was developed using 300 points,
which in the graphic resolution used, simulates thepath of
infinite points.
In figures 6.2, 6.4, and 6.6 the joint angles from the
ideal path are compared to the five-point path and the
planned path.The smoothing in the planned path is apparent
around the endpoints and interior transition points marked
with vertical dashed lines.In figures 6.3, 6.5, and 6.7,
the errors for the five-point skeleton path and the planned
path, relative to the ideal path, are shown.The solid line
is the error from the five-point skeleton path,and the
dotted line is the error from the planned path.30
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Figure 6.2:Planned path angle (thin), five-point skeleton
path angle (dotted), and ideal path angle
(thick) for joint 1
3
51
s
1 1.5
Time (s)
Figure 6.3:Difference between planned and ideal path
(solid) and difference between five-point
skeleton and ideal path (dotted) for joint 1
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Figure 6.4:Planned path angle (thin),five-point skeleton
path angle (dotted), and ideal path angle
(thick) for joint 2
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Figure 6.5:Difference between planned and ideal path
(solid) and difference between five-point
skeleton and ideal path (dotted) for joint 2
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Figure 6.6:Planned path angle (thin),five-point skeleton
path angle (dotted), and ideal path angle
(thick) for joint 3
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Figure 6.7:Difference between planned and ideal path
(solid) and difference between five-point
skeleton and ideal path (dotted) for joint 354
In figure 6.8, 6.10, and 6.12, similar graphs are seen
for the three Cartesian space values.Figures 6.9, 6.11,
and 6.13 show the associated errors relative to the ideal
path.Even though the initial Cartesian skeleton path had
no travel in the x-direction, conversion to a joint-based
skeleton path, and then approximation of that path have
created a small change in the x-value.The curved
approximation for the z-value stays reasonably close to the
skeleton path value, but note it has its largesterrors
around the transition points at 1.0 seconds and 2.3 seconds;
this is the same time the angles have largeerrors.127
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Figure 6.8:Planned value (thin),five-point skeleton path
value (dotted), and ideal path value (thick)
for x
-1
E
-2
E
0
Lij
6.5 1 1.5 2 25 3
Time (s)
Figure 6.9:Difference between planned path and ideal path
(solid) and difference between five-point
skeleton path and ideal path (dotted) forx150
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Figure 6.10: Planned value (thin <under ideal path),five-
point skeleton path value (dotted), and ideal
path value (thick) for y
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Figure 6.11: Difference between planned path and ideal path
(solid) and difference between five-point
skeleton path and ideal path (dotted) for y
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If any of the skeleton or planned path approximations
have an unacceptable error, the resolution will dependon
the type of error present.The type of error must be
identified as (1) caused by the approximation of the five-
point skeleton path to make the planned path,or (2) caused
by the approximation of a linear change in Cartesian
coordinates by a linear change in joint coordinates to
create the five-point skeleton path.Increasing the times
from point to point will reduce error 2, but will not alter
error 1.Increasing the acceleration will also reduce error
2, but will not alter error 1; note that the acceleration
can not be increased beyond the capabilities of the motor.
Adding more points to the skeleton path will reduceerror 1,
but will increase complexity and run-time of the computer
program.Finally, exaggerating specified points can be
done.For example, if there is too much error in the
negative z-direction, but error in the positive z-direction
is acceptable, the step height, sp, can be increased.For
example, increasing from a desired step height of 30mm to a
new step height of 35 mm, would move the error away from the
ground or any obstacle on the ground.This will probably
not decrease the magnitude of the error, but can help in
avoiding certain areas of space.In the example, the area
of space close to the ground or obstacle would be avoided.59
6.3. Variation of Step Angle
The darkling beetle has different dimensionsfor its
front, middle, and rear legs.In designing a walking
machine, it would greatly simplify the designfor all these
legs to have the same dimensions, meaning thesame
kinematic, dynamic, and control equations couldbe used.
The angle of the x-y component of thecoxa segment relative
to the x-axis of the body coordinate system also variesfor
each leg of the darkling beetle.This is possible to change
in the walking machine while retaining nearlyall of the
kinematic, dynamic, and control equations, theexceptions
being the transformations from the bodycoordinate system to
coordinate system 0.One other consideration in changing
these angles is the adjustment of the pathto remain in the
y-direction of the body coordinate system.To describe
this change, the angle between thex-y component of the coxa
segment and the x-axis of the body coordinatesystem is
used.This is referred to as the step angle.
The path considered to this point has beenfor a middle
leg of a six-legged walking machine.In order to determine
the effect of the same design on performanceas a front or
back leg, the step angle is varied.Figure 6.14 shows an
upper view of the walking machine body and the step
trajectories of the three right legs.The leg segments
connected to the body are the coxa segments.To simulate
the change in step angle usingone leg on a fixed base, the60
coxa segment was not moved, but the points through which the
foot travels were varied to create an angle between the foot
trajectory and the x-y component of the coxa segment.The
right half of the figure shows a closer view of the
different step angles as they would appear in the
experimental system.The fixed circle represents the
attachment to the body.The step angles displayed here are
0, 15, 30, and 45 degrees.
y*
015
Figure 6.14: Top view of the step angle of the walking
machine61
6.4. Variation of body velocity
To achieve locomotion, it is necessary for the walking
machine to have a positive body velocity.In development,
it is much easier to use a body velocity of zero, but the
eventual design must use a positive value.For a positive
body velocity, it is desirable for the path of the foot in
the global coordinate system to remain the same rectangular
shape.But, since the body coordinate system is moving in
the global coordinate system, the path will have to be
altered in the body coordinate system for the same global
coordinate system path to be achieved.
Figure 6.15 shows a path for constant body velocity
overlaid on a rectangular five-point path.In order to lift
the foot straight up in the global coordinate system, it
must actually be pulled back while being lifted in the body
coordinate system.Also, since portions of the overall path
have changed length, while the times between points have
remained the same, the velocities will also be different
than the zero body velocity case.P2 P3
P1i f P5
Figure 6.15: Path of foot in body y-z plane for a positive
body velocity
For a periodic gait with body support from the legs, it
P4
62
is important to consider not only the time the foot is in
the air, but also the time it is on the ground.Since time
on the ground is necessary to support the body, it must be
considered with time in the air in creating a reasonable
walking machine foot path.Baek (1990) defines a variable
/3, the duty factor, as:
to
S
where:
(6.1)
= the time the leg touches the ground during one step
is= the time for an entire step
The time the leg is lifted off of the ground is defined
as c by the equation:63
tw-ts-t, (6 .2)
From these definitions, the pattern of walking,or
gait, can begin to be described.Baek (1990) describes
walking gaits to have a /3 greater than0.5.For a /3 equal
to 0.5, with a periodic gait, half the legs willcontact the
ground at any one time.For a six-legged walking machine,
this means three legs.Two legs on one side of the body and
one leg on the other side of the body form a tripod
supporting the body during walking.As the body moves, this
tripod is alternated between havingtwo points on the left
and right sides.With a /3 less than 0.5, thereare times
during walking when fewer than three feetcontact the
ground.For feet assumed to be point contacts, these
positions are not statically stable, andare used in
canters, trots, and gallops.By considering the values for
/3 tw ,and step length yp, a maximum value for thebody
velocity vb can be found:
Vb=Yp(1-P)
Iw (6.3)
This maximum body velocitycan only be increased by
increasing the step length, decreasing theduty factor, or
decreasing the time the leg is lifted offof the ground.In
planning a step to be made ata certain body velocity, these64
three terms must be considered, and the maximum body
velocity from equation 6.3 must be less thanor equal to the
body velocity at which the step is taken.One possible way
to adjust parameters to meet a certain body velocity isto
first set a lower limit on /3, say at 0.5.So, if is at
the limit of 0.5 and the body velocity requirement stillcan
not be met, tw and/or ypmay be adjusted until the
requirement is met.Note however, that the values of tw and
yp are bounded by the acceleration capabilities of the
motors and the kinematic workspace of the leg.Also note
that any reduction in tw for a constant /3 will also require
a like reduction in ts.65
7. RESULTS FOR VARIATION OF CONTROL PARAMETERS
7.1. Measurement of Performance
To evaluate the performance of the leg, the main factor
used is the RMS error.This is the root mean square value
of a function f(t) over a period [0], or in equationform:
RMS (f) =
[f(t)]2 dt
ba
(7.1)
For the leg system, the error from the planned path
makes up the function.For actual point Pa, and planned
point Pp, the error at any time is defined by:
\
e
li(PaPp )+(PaPp)
2
+V'aPp)2 x x Y Y z z (7.2)
The limits are from the start of the pathat 0 to the
end of the path at t.Since the error function is
discrete, the integral is replaced witha summation that is
divided by the number of points n.
RMS(f) = (7.3)66
The RMS error is sensitive to both largeerrors for
short periods of time and moderate errors for long periods
of time.It is not, however, the only evaluation to be done
on this system.Some evaluation is done by observing the
leg to see how smoothly the motors ran.Other analysis is
made of detailed plots of an executed path.In this way,
the three angles and three Cartesian directionscan be
examined separately.The maximum error along the path is
also of concern.
7.2. The Selection of a Digital Filtering Method
First, different methods of digital filteringwere
applied to the system and evaluated basedon the RMS error
over the path.The five different filter types considered
were compared by measuring the RMS error over several
combinations of Kp and Kv and averaging 20 trialsat each
combination.The accumulated results are shown in figure
7.1.The filter types are (1) three-point movingaverage,
(2) five-point moving average,(3) seven-point moving
average,(4) five-point linear regression, and (5)seven-
point linear regression.The lowest average was found with
filter 3, the seven-point moving average.A slightly lower
standard deviation was found with filter 5, the seven-point
linear regression.Overall, the best response was found for
the seven-point moving average filter.In the following67
evaluations of the system, the seven-point movingaverage
was used as the digital filter.
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Figure 7.1:RMS error average (X marks) and 1 standard
deviation (vertical bars) for different digital
filters
7.3. The Development of a PD Feedback Control System
The values used for feedback gains in this control
system are chosen by evaluating the performance of the
system with different combinations of feedback values.The
technique to determine a good combination ofvalues was to
vary Kp and Kv, and then use values that gave good system
performance.In creating a system that performs well, the
RMS error was evaluated at several combinations ofKp and
Kv.At every point, twenty sample runs were made.The68
results displayed in figure 7.2 are theaverage RMS error
over those twenty runs and the standard deviation in
parenthesis.
0,6
10 12 14 16 18 20 24
Kp
Figure 7.2:RMS error for combinations of Kp and Kv fora
seven-point moving average digital filter,
standard deviation in parenthesis
4.60(0.1 32) 4.38(0.1 55) 4.24(0.216) 5.12(0.659)
4.45(0.071) 4.18(0.105) 4.05(0.144) 4.48(0.292)
4.41(0.093) 4.04(0.1 59) 4.00(0.1 32) 4.44(0.1 96)
4.64(0.1 25) 4.55(0.1 40) 4.67(0.242) 4.60(0.203)
26
Some of the lowest RMS errors are found at high values
of Kp and Kv not shown here.At these values the movement
of the leg is very shaky, indicating there isover-response
or a limit cycle in the system.In detailed plots of each
joint, the signals to each motor oscillatebetween positive
and negative limits several timesa second.Figures 7.3,
7.5, and 7.7 are detailed plots fora run at Kp of 28 and Kv
of 2.4 for the three point movingaverage case.This case
was selected because it had a low average RMSerror of 3.86,69
but had noticeable problems withover-response.Figures
7.4, 7.6, and 7.8 are corresponding plots fora run at Kp of
16 and Kv of 1.6.The plots show the actual motor signal,
which includes the feedforward motor signal andall
compensation from the control system, comparedto the
feedforward motor signal alone.Note that for the case at
Kp of 28 and Kv of 2.4, the actual motor signaloscillates
with high frequency at and near the limitsat ±80, even
though the feedforward motor signal is alwayscontained
within ±30.Because of this undesirable performance,
designs with a Kp value of 24 or greater, anddesigns with a
Kv value of 2.4 or greater were dropped from consideration.8
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Figure 7.3:Feedforward motor signal (thick line) and
actual motor signal (thin line) of motor 1 with
Kp=28, Kv=2.4
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Figure 7.4:Feedforward motor signal (thick line) and
actual motor signal (thin line) of motor 1 with
Kp=16, Kv=1.680
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Figure 7.5:Feedforward motor signal (thick line) and
actual motor signal (thin line) ofmotor 2 with
Kp=28, Kv=2.4
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Figure 7.6:Feedforward motor signal (thick line) and
actual motor signal (thin line) ofmotor 2 with
Kp=16, Kv =l.680
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Figure 7.7:Feedforward motor signal (thick line) and
actual motor signal (thin line) of motor 3 with
Kp=28, Kv=2.4
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Figure 7.8:Feedforward motor signal (thick line) and
actual motor signal (thin line) of motor 3 with
Kp=16, Kv=1.673
With the remaining designs, there are four combinations
giving an RMS error close to 4.0.In choosing among these,
it is desirable to have low values of Kp and Kv, which isa
good indication the system will not exhibit problems with
over-response.It is also desirable to select a design that
is not sensitive to changes in Kp and Kv.Thinking of the
data as a surface, not only a low point, buta low plane is
desired.To determine such a point, a weighted average
system was applied to each point and the eight adjacent
points.The weighted average considers not only a point,
but the surrounding points as well.A small error for the
center point helps assure the system will perform well.A
small error for the surrounding points helpsassure the
system will not be sensitive to small changes in the system
performance.The center point was given a weight of four,
side points were two, and corner pointswere one as
illustrated in this weighted averaging mask:
121
242
121
Table 7.1:Weighted averaging mask for evaluating Kp and Kv
combinations
The results of application of the weightedaverage mask
on the four best combinations of Kp and Kv are summarized in
table 7.2.The best weighted error was found at Kp of 16
and Kv of 1.6.This design has reasonably low values of Kp74
and Kv, and is part of a plateau of low values.Because of
this, it was selected as a good point at which tooperate
the system.There is probably not a large difference
between these four combinations, so choosingone of the
other three combinations is expected to give similar
performance.
Kp
16
16
20
20
Kv
RMS
Error
Weighted
Error
1.2 4.04 4.266
1.6 4.18 4.238
1.2 4.00 4.263
1.6 4.05 4.249
Table 7.2:Comparison of four best combinations of Kp and
Kv
7.4. The Addition of Integral Feedback
In a previous section, the control systemwas described
to have proportional, integral, and derivative components.
Only the proportional and derivative components have been
considered to this point.Now, with values for Kp and Kv
making a good system, the integral component will be added
in an attempt to improve the performance of thesystem.
Figure 7.6 summarizes data obtained in designsthat
change the value of Ki.Of twenty data points at each value
of Ki, the averages are given as X marks and the regionof
±1 standard deviation is given with a vertical bararound75
the average.In selecting a value of Ki to use in the
system, both the RMS error and the standard deviationare
considered.The data has the smallest standard deviationat
Ki of 20.The RMS error is also relatively small here,so
this is chosen as the value touse in the control system.
102030405060708090100
Ki
Figure 7.9:RMS error average (X marks) andone standard
deviation (vertical bars) for various valuesof
Ki76
7.5. Analysis of the Performance of the PID Control System
Now, with a PID control system established, the
response of the system over a sample path can be analyzed.
Figures 7.10, 7.12, and 7.14 show the performance ofeach
angle along the path.Figures 7.11, 7.12, and 7.13 show the
errors in the actual path relative to the planned and ideal
paths.-20-
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0
Figure 7.10:
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Figure 7.11: Error actual to planned path (dotted)and error
actual to ideal path (solid) for joint 1
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Figure 7.13: Error actual to planned path (dotted)and error
actual to ideal path (solid) for joint 2
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Figure 7.15: Error actual to planned path (dotted)and error
actual to ideal path (solid) for joint 3
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The same path shown in the previous figuresis now
analyzed in Cartesian coordinates.To find the Cartesian
coordinates for a measured set of joint angles,the forward
kinematics are used.Figures 7.16, 7.18, and 7.20 show the
response in terms of x, y, and z coordinates.The errors in
the actual path relative to the planned andideal paths are
plotted in figures 7.17, 7.19, and 7.21.Figure 7.22 shows
the Cartesian error between actual and plannedpaths as
defined in equation 7.2.132
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Figure 7.22: Total Cartesian error actual to planned path85
8. RESULTS FOR VARIATION OF PATH PARAMETERS
8.1. Introduction
With an active control system in place, other
parameters of the path can be varied to see the performance
of the system for actual walking movements.Two parameters
mentioned in the path planning sectionwere step angle and
body velocity.To properly vary these parameters, the joint
acceleration and point to point times of the pathwere also
varied as described in the following sections.
8.2. Variation of Step Angle
The variation of the step angle investigates how
changing the angle between the body y-componentof the coxa
z-axis and the step direction affects theperformance of the
system.This is important in designing front andrear legs
for a walking machine which, if modeled from thedarkling
beetle, will have non-zero atep angles.
Studies were made of step angles at -45,-30,-15,0,
15, 30, and 45 degrees.The RMS error was recorded for the
path and is summarized in figure 8.1.The X marks refer to
the average of 20 runs and the vertical bar marks±1
standard deviation.86
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Figure 8.1:RMS error average (X marks) andone standard
deviation (vertical bars) for various step
angles
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As the step angle is increased, both the RMSerror and
the standard deviation are increased.The following figures
show the performance of the leg witha variation in step
angle.Figures 8.2 through 8.7 show the performance forthe
three angles and three Cartesian coordinates fora step
angle of -45 degrees.Figures 8.8 through 8.13 show the
performance for the three angles and three Cartesian
coordinates for a step angle of 45 degrees.87
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Figure 8.2:Planned angle (dotted), actual angle (solid),
and error in angle (thick, second Y-axis)for
joint 1 with a step angle of -45degrees
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Figure 8.3:Planned angle (dotted), actual angle (solid),
and error in angle (thick, second Y-axis)for
joint 2 with a step angle of -45 degrees
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Figure 8.4:Planned angle (dotted), actual angle (solid),
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joint 3 with a step angle of -45 degrees
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and error in angle (thick, second Y-axis) for
joint 3 with a step angle of 45 degrees
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(solid), and error in position (thick, second
Y-axis) for z with a step angle of 45 degrees93
8.3. Variation of Body Velocity
In actual walking, a forward body velocity isnecessary
for locomotion.This study considers the effects ofa
constant body velocity on the path and performanceof each
step.The body velocity was varied from 10 mm/sto 90 mm/s
with the restriction that the duty factorbe .5 or greater.
In order to accomplish these steps for bodyvelocities of
40mm/s and above, the path timeswere scaled.The maximum
time the foot could be in the airwas calculated, and this
value was divided by the time the basic pathhad the foot in
the air, three seconds.This scaling factor was then
applied to each segment of the pathas illustrated in this
example.
The original path time was 3 seconds,
but if the maximum body velocity from
equation 6.3 dictated that the foot be
in the air for a maximum of 1.5 seconds
at a duty factor of .5, the scaling
factor would become 3/1.5 or .5.So,
since the basic path time from points1
to 2 is one second, the scale would be
applied and the new time from point1 to
2 would be .5 seconds.This scale
factor would then be similarly applied
to the basic path times from 2 to 3,3
to 4, and 4 to 5, to come up witha new
path.94
The results for a change in body velocityare plotted
in figure 8.14 with the X marks representing theaverage and
the vertical bars representing ±1 standard deviation.The
RMS error increases with increasing body velocity.Beyond
90 mm/s, the motors are not able to run fast enoughto stay
on the planned path and the RMS error is much higher.
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Figure 8.14: RMS error average (X marks) andone standard
deviation (vertical bars) for various values of
body velocity
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Figures 8.15 through 8.20 show the performance forthe
three angles and three Cartesian coordinates fora body
velocity of 80 mm/s.The total time to execute the path has
been reduced to 1.25 seconds.Since the joint velocities
are higher than for the basic path, more overshoot isseen
in the transition points of the path, especiallywhen95
changing direction.The angle of joint 3 has a largeerror
during the linear portion of travel between .45and .65
seconds, ranging from 2 degrees to a maximum of 5.3degrees.
At this time, the motor is not able tomove the joint fast
enough to match planned values.In Cartesian coordinates,
this seems to have the most effecton the x-coordinate which
shows the error to range from 5 mm toa maximum of 14 mm
during the same time frame.The next largest Cartesian
errors are in x and y between .9 and 1 seconds.This time
frame is a transition for each angle, and each anglehas a
noticeably large error.Since the previous path segment had
fairly high joint velocities, this transition pointis
expected to be difficult as the feedback controlsystem must
make larger changes in a shorter time than forthe case of
the basic path.96
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Figure 8.15: Planned angle (dotted), actual angle (solid),
and error in angle (thick, second Y-axis) for
joint 1 with a body velocity of 80 mm/s
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9. SUGGESTIONS FOR FUTURE STUDY
Developing a control system fora walking machine leg
is a topic of on-going research.The research of this
thesis topic has brought about severalideas for things that
could be studied in the future to improvethe current
system.This chapter discusses the basis ofthese ideas and
the possible gains in system performance.These suggestions
can generally be treated independently, that is,
implementing one should improve thesystem and implementing
two should even further improve it.
The digital sampling of feedback iscurrently limited
by the speed of the computer and software.Optimizing the
code or using a faster computer wouldallow a sampling rate
faster than the 10 ms currently used,meaning better control
over the motors would likely be possible.
The proportional, integral, and derivativegain
constants are the same for each joint.Although the system
model characterizes each joint differently,the control loop
does not.Allowing different gains for each jointcould
improve performance.
The pots used in the systemwere not of good quality
and produced a lot of noise.The noise makes it necessary
to digitally filter feedback data, losingsome of the
responsiveness of the controlsystem.Also, if the pots are
even slightly non-linear, the actual coordinateson the
ground may vary from the feedback coordinates.In order to100
reduce noise and get better linearityover the pot range,
some higher quality pots should be used.
Because of the many combinations of controlparameters
and digital filtering techniques, ittakes a lot of
experimental runs to finda system that performs well.
Because of the long time and thewear on the mechanism, the
number of combinations examinedwas limited.A system
should be developed to searchout combinations that perform
well, considering two ormore parameters at a time, using a
gradient search or other optimizingtechnique.This would
allow points of good performanceto be found in much fewer
runs of the leg.
The system model does not consideracceleration when
calculating a desired motor signal.Creating the model
using joint angle and joint velocity,as in the current
model, in addition to joint acceleration,should improve the
accuracy of the system model.
A limited number of step anglesand body velocities
were studied.The study of the effect of changingthese
parameters should be pursued.Also, the body velocities
used were relatively slow.A practical walking machine
would need to move much faster,on the order of one body
length, or 450 mm, per second.Some areas in which higher
body velocities may be obtainedare: optimizing the path
point to point times, using differenttheoretical path
shapes (for example a half-ellipse),and increasing the
maximum joint acceleration.101
Finally, the control system should beapplied to each
leg of a six-legged walking machineso the actual effects of
a change in step angle or body velocity,as well as the
practical performance in avoiding obstaclescan be studied.102
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APPENDIX A. PHYSICAL DESIGN OF THE WALKINGMACHINE LEG
The drawings in this sectionrepresent the physical
design of the walking machine legused in experimentation.
Following these drawings isa scanned photograph of the
constructed walking machine leg, includingthree links and
the base upon which the motorsare mounted.section A A
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APPENDIX B. ITERATIVE SOLUTION TO DYNAMICEQUATIONS
Using the iterative Newton-Euler dynamicsalgorithm, a
linkage with revolute joints can be solvedin two parts.
First, the outward iterationsare performed to find the
angular velocity 0), the angular acceleration 6,the linear
acceleration 15, the linear accelerationof the center of
mass i/c,the internal force on the center ofmass F, and
the internal moment on the center ofmass N.The inward
iterations then solve for the force exertedat the jointf,
the moment exerted at the jointn, and ultimately the
required joint torque T.
The outward iterations for i=0 to i=2:
w
i+1 _i+1th
+1
:(0,><T4,0+Lo
i+lpci+i+i+Iwi+ix(i+1coi±ixi+lpci+1)4j+11-,i+i109
The inward iterations for i=3 to i=1:
,±11R1+!1:+1+7,
iTi
The following values form the startingset of the
iterative equations:
'Pct = aiz,
2pc2
3Pc3 = a3x3
a =
12
a =1
2
2
a = 3
is
2
For the centers of mass assumed to be inthe mid-point
of the length of the leg segment.C11 =
=
CI3
000
000
00I1
000
000
0 012
000
000
0013
Where /1,/2,13 are the inertias of motors 1, 2,and 3
respectively.Because these inertias are so high, other
factors are considered to be negligible.
' A =0
4n, = 0
110
For no force and moment on the foot point whileit is
in the air.
°(0,3 = 0
°coo =0
For a coordinate system fixed to the body.ov.0
111
gi
g2
g3
For a gravity direction relative to the body coordinate
system.112
APPENDIX C. FLOWCHARTS FOR SOFTWAREDEVELOPED
This section presents flow chartsof some of the main
sections of the software developed.Figures C.1, C.2, C.3,
and C.4 are arranged ina hierarchical order.Figures C.5
and C.6 are independent routinesthat are not used in taking
a step.
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Read control
parameters
Read path
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r
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Execute motion
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(fig C.2)
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Write results
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( END
Figure C.1:Flow chart of main routine fortaking a step113
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Flow chart of motor control loop
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Figure C.6:Flow chart of the iterative solutionto dynamic
equations